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Introduction
Hydrogenated amorphous silicon-germanium alloys (a-SiGe:H) are integral components of amorphous silicon-based solar cells [1] as the absorber layer in the middle and back cells in stacked or tandem structures [2] [3] [4] . Alloying hydrogenated amorphous silicon (a-Si:H) with germanium narrows the optical bandgap of the material, allowing it to adsorb photons from less energetic portions of the solar spectrum. However, these alloys tend to be electronically [5] and structurally [6] inferior to a-Si:H. Therefore, the improvement of a-SiGe:H alloys continues to be an important aspect of a-Si:H-based solar cell research and development.
We grow a-Si:H [7] materials and a-SiGe:H alloys [8] by the hot-wire chemical vapor deposition (HWCVD) process with electronic and structural properties similar to those grown by plasmaenhanced chemical vapor deposition (PECVD) . An advantage of the HWCVD process is the ability to grow device-quality materials at greater deposition rates-that have smaller H content and increased stability compared to PECVD-grown a-Si:H [9] . Both processes produce a-SiGe:H alloys that have an increase in structural heterogeneity at the nanometer scale (e.g., voids or atomic clustering) with increasing Ge content. This increase occurs at ~12 at.% Ge for HWCVD-grown a-SiGe:H [8, 10] and ~20 at.% for PECVD-grown a-SiGe:H [6] . To our knowledge, little work has been done in the area of compositional measurements of a-SiGe:H grown by HWCVD. In this paper, we compare the results of compositional measurements by various techniques.
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Experimental Procedures
For the HWCVD-grown samples reported on in this paper, we used gas-phase ratios of germane to silane plus germane of 0, 3, 8, 17, 35, 50, 70 , and 100 volume %. All other deposition parameters were kept as constant as possible. We fixed the total hydride (silane + germane) flow to 50 sccm. We used substrate temperatures between 350° and 375°C (except for the 100% germane sample that was grown at 285°C to avoid microcrystalline formation [8] ). We used a chamber pressure of 12 mtorr, a filament temperature of 2000°C, and a filament-to-substrate spacing of 4.5 cm [7] . The chamber consists of a single, standard vacuum, six-way cross (without a load-lock) where the gas flow is perpendicular to the filament [11] in which we obtain a predeposition pressure of less than 5 x 10 -6 torr.
For this investigation, we codeposited on three different substrates, each for a different type of measurement. We use Corning 7059 glass for measuring electronic properties (e.g., photo-and dark conductivity) and optical gap. We use single-polished crystalline silicon (c-Si), with a resistivity < 0.1 Ω-cm, for secondary ion mass spectrometry (SIMS) measurements. We use double-polished c-Si, with a resistivity > 50 Ω-cm, for nuclear reaction analysis (NRA) and Fourier transform infrared (FTIR) spectroscopy. We used both types of c-Si substrates for electron probe micro-analysis (EPMA).
We performed the EPMA [12] on these samples with a 5-keV electron beam that probes to an estimated depth of 0.25 to 0.5 µm. In analyzing the x-ray spectra resulting from the absorption of the electron beam we find only contributions from Si, Ge, and O (i.e., these three elements account for the entire mass total). The atomic ratios are then calculated for these three elements. This test is limited to elements having a mass between Be and U and thus cannot be used to determine the hydrogen content of samples.
We performed SIMS [13, 14] measurements on these samples with a 14.5 keV Cs + beam as the primary ion source. The Cs + beam was operated at 100 nanoamps, at an incident angle of 25°f rom surface normal. The beam was raster-scanned to a 150 µm square area to remove negative secondary ions from the sample; thus producing a crater in the sample. These secondary ions were accelerated normal from the sample to an electron multiplier detector for counting at 4.5 keV. To minimize crater edge effects, we collected secondary ions only from a 60 µm diameter area in the center of the crater. The working pressure in the chamber was 2 x 10 -10 torr.
We performed FTIR spectroscopy on these samples by measuring the transmission from 450 to 2900 cm -1 at 4 cm -1 resolution. From the IR spectra we calculated the absorption coefficient of the Si-H wagging band (640 cm -1 ) mode [15] and the Ge-H bending (570 cm -1 ) mode. However, the Ge-H bands were much less intense than the Si-H bands, exept in the a-Ge:H film. To calculate the H contents of these films we use the Si-H wagging band area [16] and a proportionality constant of 2.6 × 10 19 cm -2 developed from FTIR and NRA a-Si:H/Si standards. Note that this constant is slightly larger than used in reference [16] . We found it unnecessary to deconvolute the overlapping bands of the Si-H wag and Ge-H bend modes for H content determination, but integrated them together.
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The NRA [17, 18] performed on these samples was done at SUNY Albany using a nitrogen-15 ion ( 15 N) beam from an accelerator to react with protons in the sample. This resonant reaction results in the emission of a 4.43 MeV γ-ray, the yield of which is proportional to the concentration of hydrogen in the sample. Because the 15 N-proton reaction is at resonance at the penetration depth, various beam energies probe the sample at correspondingly different depths. Thus, varying the beam energy produces hydrogen concentrations at different depths within the sample. For this set of samples, four beam energies were used (6.6, 6.8, 7.0, and 7.2 MeV), all yielding consistent results indicating a uniform hydrogen content in the films. The numbers reported are averages of the results from these four energies.
Results
In Fig. 1 we show the germanium content of the films grown for this set of samples as measured by both EPMA and SIMS. These data are plotted according to their corresponding germane fraction in the gasphase, during growth. We also compare these results to our previous HWCVDgrown a-SiGe:H work and typical PECVDgrown a-SiGe:H results. The SIMS data displayed in all three figures have two corrections made to the raw data as described in reference [14] . The first correction utilizes a relative sensitivity factor (RSF) for each element (corrected for isotopic abundance) referenced back to an ion-implanted standard. The corrected concentration is a product of the RSF and the measured ion intensity for the element of interest. This concentration is then divided by the ion intensity for the matrix. Finally, a second correction is done to allow for the alloyed matrix. The SIMS data reported herein are both alloy-and RSF-corrected. All SIMS data are from depth profiles, taking the average between 0.25 and 0.50 µm into the sample. The SIMS C content of all these films ranged between 6 × 10 17 and 4 × 10 18 atoms/cm 3 .
In Fig. 2 , we show the hydrogen contents of these films as measured by NRA, FTIR, and SIMS. These data are plotted according to their corresponding Ge ratio as measured by EPMA. We also include the Tauc's gap [20] for these samples (using the right axis). Hydrogen content measurements are important because of the effects of H on film properties, e.g., changes to bandgap and the postulated role of H in Staebler-Wronski instability of electronic properties [21] .
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Discussion
The Ge incorporation (Fig. 1) , as well as the electronic properties (e.g., the decrease in photo-todark conductivity ratio with decreasing Tauc's gap) for this set of samples is identical to our previous work [8] . Therefore, we consider these samples to be a representative set with which to compare compositional analysis results.
As we show in Fig. 1 , we find agreement to within ± 7% between our SIMS (with the alloy and RSF corrections) and our EPMA measurements for Ge (and thus Si) in these samples. Routine 2-MeV Rutherford backscattering (RBS) measurements were also performed on these samples at SUNY Albany. The EPMA Ge and Si data were validated by comparing actual RBS spectra to spectra generated by a simulation written by Larry Doolittle et al., using the Ge and Si ratios as provided by EPMA.
We use the NRA H concentrations as the absolute measurement of H in these films because this measurement does not need referencing back to a standard sample. In Fig. 2 , we illustrate how well our FTIR and SIMS measurements of the H content compare to the NRA data. The SIMS data have both the alloy and RSF corrections. All three techniques show the same trend, a decrease in H with increasing Ge alloying. The values for H as measured by each technique show agreement to within ± 20% and are almost identical for some samples. This is true even page 5 of 6 when we use only the wag mode areas of a-Si:H/Si standards to calculate the H content from the IR absorption spectra of the a-SiGe:H/Si samples, and holds for the sample with more than 70 at.% Ge. All the IR absorption spectra from these samples (except the a-Ge:H sample) have larger Si-H bands than Ge-H bands. The close agreement of the FTIR and SIMS to the NRA indicates that the vast majority of H in these films is bonded-H. It is well known that in PECVDgrown a-SiGe:H, H bonds preferentially to Si by a factor of at least five [22] . This preferential H-bonding to Si seems larger in HWCVD-grown a-SiGe:H.
In Fig. 3 , we see the one case in which these analytical techniques do not agree. The O content as measured by EPMA and SIMS differ by amounts much greater than errors in the data. Because the EPMA data is averaged from the surface to the sampling depth, the resulting O data are strongly affected by surface oxides and are larger than the SIMS data averaged from 0.25 to 0.50 µm into the film. The increase in O concentration with Ge alloying-over the entire alloy range for the EPMA data and below 50 at.% Ge for the SIMS data-is consistent with an increase in structural heterogeneity on the nanometer scale of films with increasing Ge alloying [6, 8, 10] . However, it is not clear why the O concentration as measured by SIMS decreases in films with greater than 50 at.% Ge.
Conclusions
We find that alloying a-Si:H with Ge using hot-wire chemical vapor deposition (HWCVD) produces similar results to using to plasma-enhanced chemical vapor deposition (PECVD), namely that alloying lowers the optical gap and photo-response of the alloys. The hydrogen content also decreases with increasing Ge alloying, caused by a strong preferential bonding of H to Si over Ge.
We find that the compositional measuring techniques that work well for PECVD-grown a-SiGe:H work equally well for HWCVD-grown a-SiGe:H. These techniques include electron probe micro-analysis (EPMA) and secondary ion mass spectrometry (when we take appropriate precautions and calibrate to reference standards). We verified this by comparison to ion beam techniques that are considered "standardless," such as nuclear reaction analysis and Rutherford backscattering. Oxidation of film surfaces produce O readings by EPMA that are inconsistent with SIMS. Fourier transform infrared spectroscopy is a convenient way to measure the H content of a-SiGe:H alloys grown by HWCVD.
